A. Froideval, M. del Nero, C. Gaillard, R. Barillon, I. Rossini, et al.. Uranyl sorption species at low coverage on Al-hydroxide: TRLFS and XAFS studies. Geochimica et Cosmochimica Acta, Elsevier, 2006, 70, pp.Abstract Detailed understanding of the respective roles of solution and surface parameters on the reactions at uranyl solution / Al-(hydr)oxide interfaces is crucial to model accurately the behaviour of U in nature. We report studies on the effects of the initial aqueous uranyl speciation in moderately acidic solutions, e.g. of mononuclear, polynuclear uranyl species and / or (potential) U(VI) colloids, on the sorption of U by large surface areas of amorphous Alhydroxide. Investigations by Extended X-ray Absorption Fine Structure (EXAFS) and Time-Resolved Laser-induced Fluorescence Spectroscopy (TRLFS) reveal similar U coordination environments on Al-hydroxide for low to moderate U loadings of sorption samples obtained at pH 4-5, independently of the presence of mononuclear or polynuclear aqueous species, or of the potential instability of initial solutions favoring true U-colloids formation. EXAFS data can be interpreted in terms of a dimeric, bidentate, inner-sphere uranyl surface complex as an average of the U surface structures. TRLFS data, however, provide valuable insights into the complex U surface speciation. They indicate multiple uranyl surface species under moderately acidic conditions, as predominant mononuclear and / or dinuclear, inner-sphere surface complexes and as additional minor species having U atoms in a uranyl (hydr)oxide -like coordination environment. The additional species probably occur as surface polymers and / or as adsorbed true U colloids, depending on the aqueous U concentration level (1 to 100 µM).
Introduction
The mining and reprocessing of natural U and the past waste disposal activities have generated contaminated soils and sediments, as well as U mill tailings which produce acidicwater contamination plumes (e.g. Morrison et al., 1995; Arnold et al., 1998) . Uranium in hexavalent oxidation state, i.e. uranyl + 2 2 UO , is stable in many soil and aquifer systems and tends to generate potentially mobile U(VI)-carriers, such as hydrolysis products, complex ions, true and pseudo colloids. Sorption mechanisms onto minerals, such as adsorption and co-precipitation, have been suggested to retard the migration of U in specific ecosystems (e.g. Payne et al., 1994; Murakami et al., 1997; Bruno et al., 1998; Del Nero et al., 1999; . In particular, sorption of uranyl onto aluminium (hydr) oxides is of interest due to the abundance of such minerals in nature, to their high specific surface area, and to their high surface affinity for U(VI). The knowledge of the reactions of uranyl ions at the Al-(hydr)oxide / colloid / solution interfaces is thus of importance for predicting U geo-cycling.
Several authors have found evidence, by using Extended X-Ray Absorption Fine Structure (EXAFS) spectroscopy, that U(VI) forms mononuclear, inner-sphere, bidentate uranyl complexes at Fe-oxide surfaces, in systems equilibrated at acidic or basic pH ( 8 4 < < F pH )
with 10-100 µM initial uranyl solutions that contain a range of mononuclear and polynuclear species (Waite et al., 1994; Reich et al., 1998; Bargar et al., 2000) . Reich et al. (1996; and Sylwester et al. (2000) have shown by EXAFS that + 2 2 UO ions sorbed at pH 3.5 also form such complexes at Al-oxide and silica(te) surfaces. Sylwester et al. (2000) have pointed to the additional formation of polymeric surface species at near-neutral pH, when the covering by U XPS (Froideval et al., 2003; Froideval, 2004 ). These studies show that the nature of U sorption species is function both of solution chemistry and of mineral surface characteristics.
Regarding Al-(hydr) oxides, two pH-dependent uranyl surface species have been observed by XPS and/or TRLFS at low U surface coverage ( 07 . 0 ≤ Γ µmol U/m 2 ) of γ-alumina (Kowal-Fouchart et al., 2004) and at moderate to high surface coverage ( 5 . inner-sphere complexation occurring at lower pH, based on the EXAFS study of Sylwester et al. (2000) . Kowal-Fouchart et al. (2004) have suggested that the U surface species arise from the U aqueous speciation i.e. from the sorption of the free + 2 2 UO ion at low pH, and of polynuclear species at pH>5. Further work is however needed to assess the respective roles of aqueous species i.e. mononuclear vs. polynuclear species, and of surface parameters i.e. low vs. high U coverage, on the nature of the uranyl species onto Al-(hydr)oxides.
In this work, we aimed to identify surface species at low to moderate U surface coverage of amorphous Al-hydroxide, and to gain insights into their dependence on U solution species. al., 2003) . The size fraction 63-100 µm of the sub-samples was collected and left for drying to constant weight (room temperature, N 2 -atmosphere). The X-ray diffraction analysis of the dried solid indicated that 3 2 O Al − γ was completely transformed by leaching into an amorphous Al-hydroxide and into small amount of gibbsite indexed JCPDS 33-0018 and / or bayerite indexed JCPDS 20-0011. This is in agreement with studies showing the formation of bayerite and / or gibbsite in γ-alumina / solution systems at 298 K (Lefèvre et al., 2002; Kim et al., 2004) . The specific surface area ( A S ) of the dried sample is equal to 142 m 2 / g. in µM) i.e. dissolved and colloidal U species, were determined by ICP-MS analyses of the ultra-centrifuged and centrifuged solutions, respectively (error: 5%; detection limit: 0.1 ppb). The solutions were analysed for their final Al content by ICP-AES. The percents of total U removal from true solution (including colloids) and of U removal by sorption / precipitation are as follows: and was diluted in boron nitride before stacking. XAFS measurements were performed at the FAME beamline (BM 30B) at the European Synchrotron Radiation Facility (ESRF). Spectra were recorded at room temperature at the U L 3 edge, using a Si<220> double monochromator.
The calibration in energy was made using the first inflexion point of the L 3 edge of U metal (17166 eV). The meta-schoepite was analysed in transmission mode. The sorption samples were analysed in fluorescence mode, using a 30-elements solid state Ge detector (Canberra), with sample orientation of 45° to incident beam. Data reduction and analysis were performed using ifeffit and feffit softwares (Newville, 2001; Newville et al., 1995) . Phase and amplitude were generated by the feff 8.1 code (Ankudinov and Rehr, 2000) , for the model compounds (Taylor and Hurst, 1971) shells, the Debye-Waller factor and the coordination number were defined as free parameters during the fit and were found to be strongly correlated.
TRLFS measurements and analyses of fluorescence decay
Sub-samples of the dried U-containing Al-hydroxide solids and of the meta-schoepite were put in glass capillary tubes (optical quality, internalφ : 2 mm, L: 5 cm). The tubes were tightly sealed before removal from the N 2 -atmosphere glove box. The TRLFS measurements were performed at the Institut de Physique Nucléaire of Orsay and were collected on a system including a Continuum pulsed laser Nd:YAG (7 ns pulse duration) for sample excitation. The fluorescence intensity ( ) t F , λ , at wavelength λ and at time t , in presence of multiple emitting components j is described by :
where the pre-exponential factor
is the fluorescence intensity at time 0 = t of the emitting component j and j τ is its lifetime.
The pre-exponential factor ( ) 
The emission and the decay of fluorescence of the Al-hydroxide matrix were also measured.
The matrix emitted a weak fluorescence signal and a bi-exponential decay function (lifetimes of ~9 µs and ~45 µs). The values of i τ and of i a for the matrix, were taken as fixed values in the fitting procedure used for sorption samples. The sum of the contributions i p of the matrix to the fluorescence decay of the sorption samples was lower than 2 %. , as well as for the stable uranyl solutions. Such features are consistent with studies suggesting that aluminol groups at Al-oxide and clay surfaces act as strong ligands for U (McKinley et al., 1995; Turner et al., 1996; Del Nero et al., 1999; Wang et al., 2001) . However, the question is, whether reactions at Al-hydroxide surface and reactions of formation of aqueous U oligomers/colloids compete amongst one another or cooperate to the sorption of uranyl. On the one hand, spectroscopic studies of Al-oxide and silica(te) surfaces have suggested the predominant role of U surface coverage over aqueous speciation on the formation of polynuclear uranyl surface species (Sylwester et al., 2000; Chisholm-Brause et al., 2001; Froideval et al., 2003; Froideval, 2004) . On the other hand, it has been suggested that polynuclear U species on alumina arise from the adsorption of pre-existing solution species (Kowal-Fouchart et al., 2004) . Speciation studies of U sorbed at low density on Al-hydroxide, in presence of mono-or polynuclear aqueous species, are crucial to assess the control exerted by abundant surface ligands vs. solution species on the U sorption species.
RESULTS AND DISCUSSION

Macroscopic uranyl uptake
Presentation of the spectroscopic samples
TRLFS and EXAFS were applied to U-loaded Al-hydroxide samples obtained at 5 ≤ 
Average of surface structures on acidic-pH sorption samples
EXAFS spectroscopy is well suited to study the local structure of sorbed uranyl, i.e. element identities, distances and coordination numbers for atoms around the U atom, but the major limitation is that it observes the average of all surface structures present for adsorbing uranyl.
The raw k 3 -weighted EXAFS spectra of the sorption samples and the meta-schoepite sample are shown in Fig. 3 UO group (peak at 1.4 Å on the uncorrected FT). The second peak at ~2 Å on the FT is related to the backscattering from oxygen atoms in the equatorial plane ( ) eq O of uranyl. The FT spectra show a peak at ~3 Å which corresponds to the multiple scattering effects of the ax O U − coordination shell. The results of the data analyses are given in Table 3 .
The acidic-pH sorption samples
The coordination environment of U is almost identical for all the sorption samples obtained at F pH 4-5. The first coordination shell consists of the two axial oxygen atoms at a distance of 1.80 Å. The second shell is composed of 4 to 6 equatorial oxygen atoms at distances between 2.41 and 2.46 Å. For this shell, the coordination number and the Debye-Waller factor, taken as free parameters during the fits, are strongly correlated and the standard deviation on Oeq U N − values is estimated to be ± 20 %. The eq O U − distances of 2.41-2.46 Å are close to those of U atoms coordinated by 5-6 equatorial oxygen atoms of aqueous species (Aberg, 1970; Dent et al., 1992; Chisholm-Brause et al., 1994; Allen et al., 1997; Thomson et al., 1997; Wahlgren et al., 1999) or of outer-sphere surface complexes onto clays (Chisholm-Brause et al., 1994; Hudson et al., 1999; Sylwester et al., 2000) . They are also close to an average of the bond lengths reported for 5-6 oxygen atoms split in two equatorial sub-shells of sorbed U as an inner-sphere bidentate uranyl surface complex onto γ-alumina (Sylwester et al., 2000) . The absence of equatorial splitting for our acidic-pH sorption samples may indicate outer-sphere surface complexes and/or multiple uranyl coordination environments (e.g. Elzinga et al., 2004) . It may also result from the short k-range used in the measurements.
For all the sorption samples at (Aberg, 1970; Navaza et al., 1984; Dent et al., 1992; Moll et al., 2000) and for uranyl oxide hydrates .
On the one hand, the EXAFS parameters give an average model structure consistent with a , 1997) , at surfaces of gibbsite/bayerite present in small amount in the Al-hydroxide phase used, may partly account for the high surface affinity of the phase towards uranyl.
EXAFS results for the reference sample 1000_3_100
The difference between the reference sample 1000_3_100 obtained at on Al-hydroxide results in predominant mononuclear surface species, with 80 % ± 20 % of the uranyl ions sorbed through inner-sphere complexation in a bidentate fashion. This is in a good agreement with previous EXAFS data on the sorption of U at pH 3-4 on (hydr)oxides (Reich et al., 1996; Waite et al., 1994; Moyes et al., 2000; Sylwester et al., 2000) .
EXAFS results for the reference sample 50_6.2_1 and for the meta-schoepite
Unlike for the acidic-pH sorption samples, no Al shell was detected in the sample 50_6.2_1 obtained at near-neutral F pH and at high U loading. Uranyl is found surrounded by ~4 equatorial oxygen atoms at a mean distance of 2.43 Å and by ~2 (± 20 %) uranium atoms at 3.93 Å. Such a structure resembles that of the meta-schoepite sample except that the eq O atoms in meta-schoepite are split in two sub-shells, as reported by Allen et al. (1996) used in the experiment is stable (Fig. 1 ). On the one hand, the mean structural parameters of the 
TRLFS evidences for multiple U components in the acidic-pH sorption samples
Spectra of the emission of fluorescence of uranyl species/compounds have a great variability in spite of characteristic resolved vibronic structures. They are sensitive to environmental sample parameters (e.g. hydration) and to molecular structural factors such as solvation and bonding modalities in the equatorial plane of the uranyl moiety. Also the decay of the fluorescence emission for uranyl in a species/compound is related to its coordination environment (as well as to environmental and intrinsic electronic factors). Different bonding environments may thus shift the peak positions and/or lifetime values. For example, lifetimes larger than that of aqueous + 2 2 UO ions have been reported for hydrolysis species (e.g. Kato et al., 1994; Moulin et al., 1995; Eliet et al., 2000; Kirishima et al., 2004) and for innersphere surface complexes (Gabriel et al., 2001; Chisholm-Brause et al., 2001; Kowal-Fouchard et al., 2004; Walther et al., 2005) , due to replacements of O H 2 ligands of the aquo uranyl ion by − OH ligands or surface hydroxyls, respectively. TRLFS is a powerful tool to detect distinct surface coordination environments of U i.e. multiple U surface "components".
Major limitations concern the assignment of the emission characteristics to surface species.
No relationships exist to describe the fluorescence properties of the U surface species as a function of their structure and composition, or of sample parameters. Moreover, lifetimes are sensitive to non-equivalent U atoms possibly coexisting in a single surface species, as claimed by Catalano and Brown (2005) . Providing references internal to the system under study for the fluorescence emission characteristics is thus useful for surface species identification.
TRLFS results for the acidic-pH sorption samples
Fluorescence emission spectra-The fluorescence emission spectrum of U sorbed at F pH 3 (sample 1000_3_100) is well resolved and is characterized by peak maxima at 498, 519 and 540.5 nm ( Fig. 4 and Table 4 ). These values are close to those reported for envelope spectra of sorbed uranyl species (Table 5 ). The spectra of our samples at 5 ≤ are almost similar to that of the sample 1000_3_100 (Fig. 4) . Thus, emitting U components may be of similar nature for all the sorption samples. There just observes a small change in the peak intensities ratio with an increasing of the Γ value, which suggests multiple U(VI) components whose relative proportion depends on U loading.
Lifetime measurements-The fluorescence decay experiments strongly support multiple emitting uranyl components i.e. U atoms in distinct coordination environments. Fitting analyses indicate at least three components of distinct lifetimes (Fig. 5a) . Assuming a fourthexponential function for fitting decay curves provides reasonable values of the goodness-of-fit parameter ( 2 r χ ) and lifetime values from short ( 1 τ = 9 ± 3 and 2 τ = 31 ± 10) to long ( 
Comparison with the meta-schoepite reference and literature data
TRLFS results for the meta-schoepite reference sample-The well-resolved spectrum of metaschoepite exhibits six fluorescence maxima and a main peak at 522 nm (Table 4 ). TRLFS studies of schoepite have reported structureless or broad spectra at 523-535 nm ( (Table 3) . By contrast, three uranyl components are resolved from the meta-schoepite fluorescence decay which is dominated by the contribution of the short-lived components 1 τ and 2 τ (Table 4 ). This does not mean that lifetime analysis allows identifying all non-equivalent U atoms in the meta-schoepite. Several authors have reported, for schoepite-like phases, a single lifetime whose value may depend on phase crystallization (Table 6 ). Moreover, other factors such as sample hydration induce shifts in lifetime values. The sample presented here is made up of meta-schoepite and dehydrated schoepite (Froideval et al., 2003) , which may contribute to the different lifetime components.
Comparison with the acidic-pH sorption samples-The meta-schoepite exhibits short lifetime values ( 1 τ and 2 τ ) and a lifetime value 3 τ comparable to those of the sorption samples. Such a finding is not an evidence of the existence of meta-schoepite and/or schoepitic precipitates in the sorption samples. Very short to long lifetimes have been resolved for emitting uranyl complexes onto Al-(hydr)oxides and montmorillonite, and have tentatively been assigned by authors to different uranyl surface species (Table 5) . Moreover, aqueous uranyl hydrolysis species display lifetime values between 10 and 33 µs (Table 6 ). Thus, the assignment of the emitting U components of lifetimes 1 τ , 2 τ and 3 τ in the acidic sorption samples, can not be made on basis of lifetime measurements for non-related samples.
Comparison with the related samples 50_6.2_1 and 1_6.9_1
It is useful to compare the fluorescence characteristics of the sorption samples to those of the U(VI) oxide hydrates and surface oligomers forming under our experimental conditions. The emission spectra of uranyl sorbed at moderate/high surface coverage show a marked variation with a drop of F pH from acidic to near-neutral ( Fig. 4) 
Discussion: single sorption species versus multiple sorption species
The reference sample 1000_3_100 having U atoms in bidentate, mononuclear inner-sphere (Table 6) , for all sorption samples at F pH 4-5. The contribution of such species is expected to be low, because they occur as minor aqueous species under such pH conditions (Fig. 2) .
Conclusions
This work is a valuable contribution towards a better understanding of the respective roles of the solution and surface parameters which control the uptake of U by hydroxides. A major finding is that uranyl is mainly sorbed, at pH<5, through mechanisms of inner-sphere surface complex formation on large surface areas of Al-hydroxide, irrespective of preponderant monomeric or oligomeric (potentially colloidal) uranyl species of initial solutions. Thus, highaffinity surface aluminol sites strongly control the nature of the uranyl species formed at low / moderate sorption density on Al-hydroxide.
Another important finding is that multiple uranyl sorption complexes co-exist at low coverage by U of the Al-hydroxide surface. Whereas the U surface speciation at pH 3 is dominated by a mononuclear, inner-sphere uranyl surface complex, the EXAFS data indicate a dinuclear, bidentate, inner-sphere uranyl surface complex as an average of surface structures at pH 4-5.
The TRLFS data complement such structural information and evidence that the uranyl surface speciation is complex. Sorbed U appears in the form of mononuclear and/or dinuclear innersphere surface complexes, and of minor surface species with U atoms in coordination environments close to those of uranyl oxide hydrates, even for stable initial U solutions. The minor surface species may thus result from polymerization/surface precipitation of uranyl ions. Such a result stresses again the important role of the surface characteristics of Al-phases (abundance of strong sites / surface structure) on the uranyl surface speciation. In the case of potentially highly unstable solutions, one can not rule out that small amounts of U colloids are formed, despite inner-sphere surface complexation, and are sorbed on the Al-hydroxide.
The results presented herein are of interest for the transport of uranyl in subsurface systems characterized by moderately acidic / poorly carbonated solutions. They suggest that surfaces of amorphous Al-hydroxide retard the migration of U in stable and poorly concentrated uranyl solutions via continuous processes, from the formation of mononuclear bidentate, innersphere surface complex to the surface polymerization. Moreover, large surface areas of Alhydroxide in contact with unstable, acidic uranyl solutions may also prevent the migration of schoepite-type colloids (i) by the formation of inner-sphere surface complexes competing to a large extent against the formation of U colloids, (ii) and by sorption of the uranyl colloids formed in small quantities.
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